Animal studies and neuropsychological tests of patients with temporal lobe epilepsy have demonstrated the importance of human medial temporal lobes for memory formation. In addition, more recent studies have shown that the human hippocampal region is also involved in novelty detection. However, the exact contribution of the hippocampus proper to these processes is still unknown. To examine further its role we compared event-related potentials recorded within the medial temporal lobes in 29 temporal lobe epilepsy patients with and 21 without hippocampal sclerosis. While in patients with extrahippocampal lesions but without hippocampal sclerosis event-related potentials to first presentations and repetitions of words were reduced on the side of the epileptogenic focus, in patients with hippocampal sclerosis only those to first presentations but not to repetitions were affected. Because sclerosis of the hippocampus proper selectively reduced event-related potentials to new but not old verbal stimuli, it can be concluded that the human hippocampus proper contributes to verbal novelty detection.
The importance of the human hippocampal formation for memory processes has been known for a long time (1) (2) (3) (4) (5) . Since the early report by Scoville and Milner (6) , the hippocampal formation has been suggested to constitute a temporal memory buffer (7, 8) , to act as a behavioral inhibition system (9) , to be selectively involved in the representation of cognitive maps for spatial memory (10) , or to constitute a decisive component of the declarative memory system (11, 12) . In addition, several studies demonstrated that the hippocampus proper and adjacent structures including the subiculum, perirhinal, entorhinal, and parahippocampal areas may subserve different aspects of memory processing (5, (13) (14) (15) . Yet it cannot be excluded that the declarative memory function is based on all structures of the hippocampal system, and the degree of memory impairment depends on the degree of damage to the system as a whole (16) . Thus, controversies remain about the exact contributions of the hippocampus to memory formation. Although it has been proposed that the hippocampus in contrast to the parahippocampal region mediates an organization of memories according to relevant relationships among items (17) , there are animal studies in which hippocampal lesions did not interfere with performance in tasks requiring the learning of stimulus-stimulus associations (18) (19) (20) . The conditional discriminations involved in these tasks do not seem to depend on novelty detection, which on the other hand may be an important prerequisite for encoding and storing of information. Converging evidence from single neuron recordings (21) (22) (23) , positron-emission tomography studies (24) , functional magnetic resonance imaging (25) , and electrophysiological studies with surface electrodes (26) support the hypothesis that the hippocampal region is critically involved in novelty detection, but it is unclear if the hippocampus proper itself contributes to this task.
Event-related potentials (ERPs) recorded from the scalp in word-recognition tasks have been shown to be sensitive to medial temporal lobe lesions: differences between ERPs to ''old'' and ''new'' items that can be seen in healthy subjects were diminished in patients who had undergone anterior temporal lobectomy (27, 28) . Recording intracranial eventrelated potentials from depth electrodes in patients with pharmacoresistent temporal lobe epilepsy (TLE) can help to identify hippocampal contributions to memory processes because electrodes are placed within the hippocampal region, and recordings of high spatial resolution from patients with atrophy and sclerosis of the hippocampus proper can be compared with those from patients with extrahippocampal lesions but nonsclerotic hippocampi. In addition, the high signal-to-noise ratio of medial temporal recordings allows the correlation of event-related potentials in memory paradigms with the graded memory deficits of TLE patients. Several studies have found event-related potentials elicited by words in the anterior medial temporal lobes (AMTL-N400) (29) (30) (31) (32) (33) (34) (35) . Upon repetitions these were reduced in amplitude. This newminus-old repetition effect indicates that the hippocampal formation participates in verbal memory processes, as does the finding that AMTL-N400s to first presentations of words recorded in the dominant hemisphere are correlated with verbal recall performance (36) . However, it still remains unclear if and how the hippocampus proper contributes to the processing of words in recognition memory tasks. To investigate this question we compared AMTL-N400s to words in TLE patients with hippocampal sclerosis to those in patients with extrahippocampal epileptogenic lesions of the temporal lobe but nonsclerotic hippocampi. If the hippocampus proper contributes in a specific way to word processing in recognition memory tasks, there should be different alterations of AMTLN400s in both groups as a result of the different epileptogenic lesions. Otherwise, it could be concluded that the medial temporal lobe as a whole participates synergistically in this neuropsychological task. Furthermore, if the hippocampus proper either detects the novelty of words presented for the first time, or contributes to the recognition of word repetitions, then either AMTL-N400s to first presentations or to repetitions should be affected specifically by hippocampal sclerosis. in addition to the invasive recording of seizures when localization of the primary epileptogenic area cannot be identified by noninvasive methods. The patients in the current study had depth electrodes implanted in the medial temporal lobes as part of this presurgical evaluation for resective surgery. Of the 79 available patients, 11 patients were not considered for this study because spike activity interfered with the ERP recordings. Furthermore, given that the analysis of effects of epileptogenic temporal lobe lesions on medial temporal ERPs depends at least in part on comparisons with ERPs from the unaffected temporal lobe, 12 of the remaining 68 patients were excluded who were not seizure free postoperatively. An additional 6 patients who identified less than 50 word repetitions also were excluded. Thus 50 patients (20 females; age range 13-51; 27 left, 23 right TLE) were included in the study. Informed consent was obtained from all patients. Presurgical findings suggested hippocampal sclerosis in 29 patients. In this group 5 temporal lobectomies and 24 selective amygdalohippocampectomies were performed. MRI scans demonstrated extrahippocampal lesions without signs of hippocampal sclerosis in 21 patients in whom 19 extended lesionectomies without hippocampectomy and 2 temporal lobectomies including lesionectomy and hippocampectomy were performed. The exact cortical location of extrahippocampal lesions varied from patient to patient but never included areas critical for language production or perception, as demonstrated by electrostimulation mapping. In both groups, both MRI scans and postoperative seizure freedom suggested no dual pathology, and postoperative histological analyses confirmed the presurgical diagnosis in all patients. Based on these findings it was possible to separate two completely dissociable groups of 29 patients with and 21 without hippocampal sclerosis. Both groups did not differ with regard to intelligence or sustained attention. However, patients with hippocampal sclerosis performed significantly worse in verbal and nonverbal list learning tasks (see Table 1 ). Details of the neuropsychological test battery have been published elsewhere (37) . When ERPs were recorded, blood levels of the anticonvulsant medication were within the so-called ''therapeutic range'' in all patients. Most of them received a carbamazepine monotherapy with blood levels between 8 and 12 g͞ml.
Recording Methods and Data Analysis. We recorded stereo-electroencephalograms from bilateral depth electrodes implanted stereotactically along the longitudinal axis of the hippocampus with the amygdala as target of the most anterior contact. Details of implantation and recording procedures can be found in Grunwald et al. (35) and Elger et al. (36) . Electrode placements were verified by postimplant computer tomography and MRI. In a visual word recognition paradigm patients had to indicate whether a word was presented for the first time or if it was a repetition by pressing one of two buttons. Words were presented once every 1,800 Ϯ 200 ms, 75 with a lag of 3 Ϯ 1 intervening items and 75 with a delay of 14 Ϯ 4 intervening stimuli. Data were amplified with a bandpass filter setting of 0.03-85 Hz (12 dB͞oct.). After 12 bit A͞D conversion signals were written continuously to a hard disk by using a sampling rate of 173 Hz͞channel. Selective averaging was performed on 1,200-ms stimulus-related epochs. Epochs were rejected in case of false or missing reactions within a time window of 200-1,500 ms. Eleven of 79 patients were excluded from the study in whom signals were found by visual inspection to be contaminated by epilepsy-specific potentials like spikes or sharp waves. ERP components were identified by visual inspection. Their peak amplitudes were measured relative to the mean amplitude of a 200-ms prestimulus baseline. For grand averages and statistical analyses measurements from the depth electrode contact with the largest negativity from 300 to 600 ms on both sides were selected. The locations of these contacts were determined by visual inspection of MRIs with reference to cross sections published by Duvernoy (38; see Fig. 1 A) . Amplitude measurements were subjected to MANOVA and post-hoc univariate F tests to test amplitude differences of potentials recorded ipsilateral and contralateral to the epileptogenic focus. Effects of repetition on potentials elicited by words were tested by repeated measures ANOVA (F test with Greenhouse-Geisser corrections for P values). In addition, performance scores in the word-recognition paradigm were correlated with left and right AMTL-N400s to first presentations and repetitions as well as with new-minus-old repetition effects.
RESULTS
First presentations and repetitions of words elicited a negative component peaking around 400 ms (AMTL-N400) in the anterior medial temporal lobes (see Fig. 2 ). On both sides this potential was confined to the most anterior depth electrode contacts situated as a rule at the caudal edge of amygdala or hippocampal head or, due to some variability of implantation trajectories, outside the hippocampus in the vicinity of the parahippocampal gyrus near the collateral sulcus. It could not be recorded with more posterior contacts situated within the hippocampal body. Thus, the hatched area in Fig. 1A encompasses the locations of all contacts with maximal AMTL-N400 amplitudes that were used for statistical analyses and grand averages.
In both patients with and those without hippocampal sclerosis there was no significant effect of different spans between first presentations and repetitions. In the hippocampal sclerosis group the interaction between lag and site of the epileptogenic focus just reached the 0.05 level of significance. Post-hoc t tests for paired samples, however, revealed no significant amplitude differences of AMTL-N400s to early and late repetitions on either side in both groups. Therefore, for the present study data was collapsed over both lags.
In patients without hippocampal sclerosis, AMTL-N400s were reduced in amplitude with repetition (F ϭ 8.61; P Ͻ 0.01; Fig. 1B) . Interactions between new-minus-old repetition effects and the side of measurement with respect to the epileptogenic focus were also significant (F ϭ 9.80; P Ͻ 0.01) indicating reduced repetition effects on the focal side. MANOVA demonstrated that in these patients both AMTLN400s to first presentations and to word repetitions were smaller in the epileptic temporal lobe (post-hoc univariate F There was, however, a significant repetition by side interaction (F ϭ 28.04; P Ͻ 0.0005). Post-hoc comparison showed that repetition effects were missing only in the epileptic temporal lobe (mean new-minus-old amplitude differences on the focal vs. nonfocal side: Ϫ6.9: 9.9 V; P Ͻ 0.0005). MANOVA demonstrated that in these patients with hippocampal sclerosis only AMTL-N400s to first presentations of words (df 1, 27; F ϭ 12.72; P Ͻ 0.005) but not those elicited by repetitions (df 1, 27; F ϭ 0.07; not significant) were reduced on the side of the epileptogenic focus. For the presence of hippocampal sclerosis as independent factor a significant effect was also revealed by MANOVA (P Ͻ 0.05). However, post-hoc univariate F tests showed that this was true only for AMTL-N400s to word repetitions on the focal side (df 1, 48; F ϭ 4.92; P Ͻ 0.05) which were higher in amplitude in patients with hippocampal sclerosis (Ϫ55.4 Ϯ 20.2 vs. Ϫ42.2 Ϯ 21.4 V; P Ͻ 0.05) but not for focal AMTL-N400s to first presentations. There was no difference between AMTL-N400s to new or old words in patients with and without hippocampal sclerosis on the contralateral side.
Patients with and those without hippocampal sclerosis displayed the same performance in the word recognition paradigm. The percentage of correct classifications of first presentations, of correct classifications of repetitions, and the calculated score of correct classifications of repetitions minus the incorrect or missing classifications of new words did not differ significantly. This result was true for both left and right TLE patients (see Table 2 ).
Because of the lack of significant differences in performance between the four patients subgroups, it seemed justifiable to collapse all patients into a single group for the analysis of correlations between performance data and AMTL-N400 amplitudes. For all patients the number of correctly identified first representations was correlated only with left AMTLN400s to first presentations but not to repetitions, whereas the number of correctly identified repetitions was correlated with left AMTL-N400s to first presentations and with the newminus-old amplitude differences on the left but not right side (see Table 3 ).
DISCUSSION
Maximal AMTL-N400s to words were recorded anterior to the hippocampus proper and near the amygdala. These locations were shown by McCarthy et al. (33) to be consistent with a generator within the parahippocampal region near the collateral sulcus. These authors found polarity inversions between the anterior fusiform and parahippocampal gyri and the white matter just superior to these sites but not near the amygdala (33) . This finding may also explain why we did not find polarity inversions along the longitudinal axis of the hippocampus. The findings of Halgren et al. (31) are consistent with a generator in the rhinal cortex which covers the medial and basal surface of the amygdala and thus likewise suggest an extra-but parahippocampal generation of this component.
In the present study AMTL-N400s to words in the left and right temporal lobe were found to be reduced in amplitude on the focal side. The pattern of reduction, however, proved to be different in TLE patients with and without hippocampal sclerosis. In patients without hippocampal sclerosis AMTLN400s to new and old items were reduced in the epileptic temporal lobe as was the new-minus-old repetition effect. Because the AMTL-N400 component has been shown to be generated in parahippocampal structures, it is not surprising that extrahippocampal lesions of the temporal lobe should interfere with its generation elicited by new as well as old stimuli. If the processing of either is more disturbed by epileptogenic foci in patients without hippocampal sclerosis cannot be differentiated by our data. However, because ERPs to both were affected, it may be speculated that extrahippocampal epileptogenic lesions can interfere with the detection of both novelty and repetition.
By contrast, in patients with hippocampal sclerosis only amplitudes of AMTL-N400s to new but not old words were reduced on the focal side. Here no new-minus-old repetition effects were found while they were present in the contralateral temporal lobe. This lack of repetition effects on the side of hippocampal sclerosis could theoretically be caused by changes in the generation of AMTL-N400s to new or old items, or both. If potentials elicited by old items were affected, this would represent another interpretational problem because word repetitions are not only known to elicit smaller AMTL-N400s than new stimuli but also large MTL-P600s. In a number of our patients, although not all, we also recorded this potential which had a more posterior distribution than the AMTL-N400. This finding is consistent with the findings of Smith et al. (29) whose data indicate different generators for both potentials. These authors also found that first presentations only elicit very small MTL-P600s, if any at all. For ERPs to word repetitions, however, it cannot be excluded that both components may overlap. Thus, if the epileptogenic process did alter ERPs to old items, one could not be sure which of both components was being affected. However, because AMTL-N400 to new words were significantly reduced in the epileptogenic temporal lobe but there was no difference between ipsi-and contralateral AMTL-N400s to old words, it must be concluded that ERPs to old words were not affected by hippocampal sclerosis. This result also explains why patients with and without hippocampal sclerosis only can be dissociated on the basis of the AMTL-N400 to repeated words: those to new words are attenuated on the focal side to the same extent in both patient groups, those to old words only in patients without hippocampal sclerosis. Thus, the only stimuli that proved to be sensitive for sclerosis of the hippocampus proper were set apart from others only by the fact that they were new, in the sense that they appeared for the first time in the given behavioral task. This, admittedly, is a restricted although important aspect of ''novelty,'' namely the first appearance of a known verbal stimulus in a new situational setting, and taps the formation of associational relations between stimuli or between stimuli and their ''situational binding.'' Because only ERPs to these new items were affected by hippocampal sclerosis, it can be concluded that the hippocampus proper contributes to the detection of the relative or situational novelty of verbal stimuli. This finding is consistent with the results of positron-emmision tomography studies: Tulving et al. (39) demonstrated activation of the hippocampal formation during encoding of novel stimuli; Dolan and Fletcher (40) found that although semantic changes in category-exemplar associations of word pairs induced left prefrontal activation, the left medial temporal cortex was activated when words were presented for the first time.
Our results do not suggest that parahippocampal structures do not contribute to novelty detection. In fact, although hippocampal sclerosis reduces AMTL-N400 amplitudes to new stimuli, extensive damage to or removal of the parahippocampal region would prevent its generation at all and would lead to even more dramatic neuropsychological deficits, consistent with the fact that the extensive medial temporal lobe damage of the amnesic patient H.M. lead to a more profound amnesia than the lesions restricted to the CA1 area of the hippocampus in patient R.B (41). However, our findings do show that the hippocampus proper is involved in the processing of stimulus 
